Disease resistance in Arabidopsis is regulated by multiple signal transduction pathways in which salicylic acid (SA), jasmonic acid (JA), and ethylene (ET) function as key signaling molecules. Epistasis analyses were performed between mutants that disrupt these pathways ( npr1 , eds5 , ein2 , and jar1 ) and mutants that constitutively activate these pathways ( cpr1, cpr5 , and cpr6 ), allowing exploration of the relationship between the SA-and JA/ET-mediated resistance responses. Two important findings were made. First, the constitutive disease resistance exhibited by cpr1 , cpr5, and cpr6 is completely suppressed by the SA-deficient eds5 mutant but is only partially affected by the SA-insensitive npr1 mutant. Moreover, eds5 suppresses the SA-accumulating phenotype of the cpr mutants, whereas npr1 enhances it. These data indicate the existence of an SA-mediated, NPR1-independent resistance response. Second, the ET-insensitive mutation ein2 and the JA-insensitive mutation jar1 suppress the NPR1-independent resistance response exhibited by cpr5 and cpr6 . Furthermore, ein2 potentiates SA accumulation in cpr5 and cpr5 npr1 while dampening SA accumulation in cpr6 and cpr6 npr1 . These latter results indicate that cpr5 and cpr6 regulate resistance through distinct pathways and that SA-mediated, NPR1-independent resistance works in combination with components of the JA/ETmediated response pathways.
INTRODUCTION
In plants, resistance to pathogen infection is accomplished through protective physical barriers and a diverse array of antimicrobial chemicals and proteins. Many of these antimicrobial compounds are part of an active defense response, and their rapid induction is contingent on the plant's ability to recognize and respond to an invading pathogen (Staskawicz et al., 1995; Baker et al., 1997) . Pathogen recognition often involves the interaction of an avirulence signal (encoded by pathogen avr genes) and cognate plant resistance gene (R) products (Staskawicz et al., 1995; Bent, 1996; Baker et al., 1997) . The avr/R interaction often triggers a strong defense mechanism known as the hypersensitive response (HR) (Flor, 1947 (Flor, , 1971 Keen, 1990; Van Der Biezen and Jones, 1998) . In general, pathogens that activate avr/Rmediated signaling pathways do not cause disease and are said to be avirulent.
An HR activated by avr/R signaling is characterized by several physiological changes, including the accumulation of reactive oxygen intermediates, nitric oxide, and salicylic acid (SA) (Dangl et al., 1996; Hammond-Kosack and Jones, 1996; Low and Merida, 1996; Lamb and Dixon, 1997; Delledonne et al., 1998; Durner et al., 1998) . Jasmonic acid (JA) and ethylene (ET) are also produced in response to pathogen infection, most probably because of an increase in lipoxygenase and 1-amino-cyclopropane-1-carboxylic acid (ACC) oxidase activities, respectively (Gundlach et al., 1992; HammondKosack et al., 1996; May et al., 1996; Penninckx et al., 1996; Thomma et al., 1998) . SA, JA, and ET induce the production of antimicrobial compounds such as phytoalexins and pathogenesis-related (PR) proteins (Lamb and Dixon, 1997) . Ultimately, the HR results in the death of the infected cells and the containment of the pathogen (Dangl et al., 1996) . Interestingly, recent studies have shown that cell death is neither necessary nor sufficient for the containment of avirulent pathogens (Bendahmane et al., 1999; Dinesh-Kumar and Baker, 1999) .
As a consequence of an HR, a systemic signal is released from the point of infection that induces a secondary resistance response, known as systemic acquired resistance (SAR; Uknes et al., 1993; Ryals et al., 1994 Ryals et al., , 1996 Sticher et al., 1997) . SAR is characterized by an increase in endogenous SA, transcriptional activation of the PR genes ( PR-1 , BGL2 , and PR-5 ), and enhanced resistance to a broad spectrum of virulent pathogens. SA is a necessary and sufficient signal for SAR because removing SA through the ectopic expression of salicylate hydroxylase (encoded by the bacterial nahG gene) blocks the onset of SAR (Gaffney et al., 1993) , whereas increasing SA concentrations by endogenous synthesis or exogenous application induces SAR (White, 1979; Malamy et al., 1990 Malamy et al., , 1992 Métraux et al., 1990; Rasmussen et al., 1991; Yalpani et al., 1991; Enyedi et al., 1992) . Synthetic SA analogs such as 2,6-dichloroisonicotinic acid (INA) and benzothiodiazole are also effective inducers of SAR (Métraux et al., 1991; Görlach et al., 1996) . Moreover, transgenic plants expressing nahG are defective in containing avirulent pathogens, indicating that SA also plays a role in the HR (Delaney et al., 1994) .
Numerous Arabidopsis defense-related mutants have been isolated and analyzed in an effort to dissect inducible plant defense responses (Dong, 1998; Glazebrook et al., 1997) . Among them, only npr1 (also known as nim1 ), which exhibits enhanced susceptibility to a wide range of bacterial and fungal pathogens such as Pseudomonas syringae pv maculicola ES4326 and Peronospora parasitica Noco2, was found to be SA insensitive Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997) . All 12 alleles of the npr1 locus are hypersusceptible to pathogen infection, even after induction by SA or INA. eds5 is another mutant with enhanced disease susceptibility. But unlike npr1 , eds5 is defective in SA synthesis rather than SA signaling, and the mutant phenotype can be rescued by the addition of SA (Rogers and Ausubel, 1997; Nawrath and Métraux, 1999) .
In contrast to loss-of-resistance mutants such as npr1 and eds5 , cpr mutants exhibit increased concentrations of SA, constitutive expression of the PR genes, and enhanced resistance to P. s. maculicola ES4326 and P. parasitica Noco2 (Bowling et al., , 1997 Clarke et al., 1998) . The cpr1 and cpr5 mutations are recessive; the cpr6 mutation is dominant. In addition, the cpr5 mutant forms spontaneous HR-like lesions and has impaired trichome development (Bowling et al., 1997; Boch et al., 1998) .
When npr1 was crossed into a cpr5 or cpr6 background, resistance to P. s. maculicola ES4326 was blocked. Surprisingly, however, resistance to P. parasitica Noco2 was unaffected by the npr1 mutation, indicating that an NPR1-independent pathway is activated in these cpr mutants. Consistent with this latter observation, the antifungal genes PDF1.2 and Thi2.1 are constitutively expressed in cpr5 and cpr6 as well as in the cpr5 npr1 and cpr6 npr1 double mutants (Bowling et al., 1997; Clarke et al., 1998) . Because PDF1.2 and Thi2.1 are known to be regulated by JA and ET (Epple et al., 1995; Penninckx et al., 1996) , results from the study of cpr5 npr1 and cpr6 npr1 double mutants suggested that JA and ET may function in this NPR1-independent pathway.
The JA/ET dependency of the expression of PDF1.2 and Thi2.1 was demonstrated by the use of the ET-insensitive mutants etr1 and ein2 (Bleecker et al., 1988; Guzman and Ecker, 1990 ) and the JA-insensitive mutants coi1 and jar1 (Staswick et al., 1992; Feys et al., 1994) . These mutants suppress the induction of PDF1.2 and Thi2.1 by biological or chemical stimuli (Epple et al., 1995; Penninckx et al., 1996 Penninckx et al., , 1998 . Aside from regulating the expression of PDF1.2 and Thi2.1 , JA and ET have been shown to be involved in induced systemic resistance, which is activated by the nonpathogenic root-colonizing bacterium Pseudomonas fluorescens (Pieterse et al., 1996) . Induced systemic resistance is independent of SA, does not involve expression of PR-1 , PR-2 , or PR-5 , and is blocked in etr1 , ein2 , coi1 , and jar1 mutants (Pieterse et al., 1996 (Pieterse et al., , 1998 . Further evidence that JA plays an important role in plant defense was provided by the observation that methyl jasmonate induces resistance in Arabidopsis to Alternaria brassicicola and Botrytis cinerea and that this induced resistance is blocked in the coi1 mutant (Thomma et al., 1998) . Moreover, Arabidopsis and tobacco mutants that are insensitive to JA and ET, respectively, exhibit susceptibility to various strains of the nonhost pathogen Pythuim (Knoester et al., 1998; Staswick et al., 1998; Vijayan et al., 1998) . Furthermore, mutants that are insensitive to ET acquire greater susceptibility to B. cinerea in Arabidopsis and reduced HR resistance to some avirulent pathogens in soybean (Hoffman et al., 1999; Thomma et al., 1999) .
In addition to the observation that cpr npr1 double mutants are resistant to P. parasitica Noco2 (Bowling et al., 1997; Clarke et al., 1998) , several studies have indicated the existence of NPR1-independent resistance pathways (Reuber et al., 1998; Rate et al., 1999; Shah et al., 1999) . For example, ssi1 (Shah et al., 1999) and acd6 (Rate et al., 1999) are dominant, lesion-forming mutants that express PR genes constitutively. In an npr1 background, both mutants still exhibit a considerable amount of PR gene expression and pathogen resistance; when crossed into a nahG background, however, all of these defense-related phenotypes, including the lesion-forming phenotype, are suppressed. These results suggest that the NPR1-independent responses observed in ssi1 and acd6 are SA dependent. On the other hand, because the lesion-forming phenotypes of ssi1 and acd6 are also SA dependent, it has been difficult to determine whether the NPR1-independent resistance observed in ssi1 and acd6 is induced directly by SA or indirectly through the formation of lesions. Lesioning can stimulate the expression of PDF1.2 (Pieterse and van Loon, 1999) , presumably by the activation of a JA/ET-mediated pathway.
Here, we report the results of a comprehensive epistasis analysis designed to explore the NPR1-independent pathways induced in the cpr1 , cpr5 , and cpr6 mutants. In a twopronged effort, we used the SA-deficient eds5 and the JA/ ET-insensitive ein2 and jar1 mutants in double-and triplemutant combinations with npr1, cpr1, cpr5, and cpr6. Our results indicate that bypassing the npr1 mutation requires high amounts of SA plus an unidentified elicitor derived from the plant host, the pathogen, or both. We speculate that this defense mechanism may resemble the local resistance response initiated during an HR. We also show that components of the JA/ET-mediated resistance pathway are required for SA-mediated, NPR1-independent resistance. These results show that SA and JA/ET function together in the cpr mutants to confer resistance.
RESULTS
We have previously shown that cpr5 and cpr6 constitutively express both NPR1-dependent and NPR1-independent defense responses (Bowling et al., 1997; Clarke et al., 1998) . To better evaluate the contribution of SA and JA/ET toward NPR1-independent resistance, we performed a comprehensive epistasis analysis designed to identify and isolate the resistance pathways induced in the cpr mutants. The results pertaining to SA-mediated resistance are presented first.
Generation of the cpr eds5 Double Mutants
To determine whether the NPR1-independent resistance observed in the cpr mutants is SA dependent, we generated cpr eds5 double mutants. eds5 is an SA-deficient mutant, and the mutant phenotypes are rescued by treatment with SA (Rogers and Ausubel, 1997; Nawrath and Métraux, 1999) . As detailed in Methods, the following double mutants were constructed: cpr1 eds5 (c1e5), cpr5 eds5 (c5e5), and cpr6 eds5 (c6e5).
Morphologically, the cpr eds5 double mutants resemble the cpr parents with only minor differences. As detailed in our previous publications, all three cpr parents are smaller than those of the wild type, with cpr5 also showing spontaneous lesions and compromised trichome development (Bowling et al., , 1997 Clarke et al., 1998) . In the c5e5 double mutant, the spontaneous lesions are not as pervasive as those found in the cpr5 single mutant. An examination of the lesion phenotype with trypan blue stain (Bowling et al., 1997) revealed that even though lesions develop 4 to 7 days later in c5e5 than in cpr5, both microscopic and macroscopic lesions are present in the double mutant (data not shown).
An RNA gel blot analysis was performed to determine how eds5 affects the expression of the PR genes in the cpr mutants. As shown in Figure 1 , PR-1 gene expression was markedly decreased in c1e5 and c6e5, and less so in c5e5. On the other hand, the eds5 mutation had little effect on PR-2 or PR-5 gene expression in any of the cpr eds5 double mutants. The double mutants were also assayed for PDF1.2 expression to determine whether eds5 influences the expression of the JA/ET-mediated genes in the cpr mutants. We found that although PDF1.2 expression was not affected by eds5 in the c5e5 double mutant, there was a substantial increase in PDF1.2 mRNA accumulation in c1e5 and c6e5. Given the variety of experiments that have shown that the SA and JA/ET pathways can function antagonistically, we attribute the increased expression of PDF1.2 in the c1e5 and c6e5 double mutants to the lack of SA signaling in eds5 (Bowling et al., 1997; Clarke et al., 1998; Zhou et al., 1998; Nawrath and Métraux, 1999; Shah et al., 1999) . The fact that such an increase is not observed in c5e5 suggests that PDF1.2 expression in cpr5 is lesion dependent. Similar results were found with plants grown under different conditions and collected at different times during development (data not shown).
Resistance Analysis of the cpr eds5 Double Mutants
To examine the effect of eds5 on pathogen resistance in the cpr mutants, we inoculated the cpr eds5 double mutants with subclinical doses of P. s. maculicola ES4326 (OD 600 ϭ 0.0001 to 0.0002) (Glazebrook et al., 1996) . At this level of inoculum, wild-type plants show various degrees of responses, as shown in Figures 2A and 2B . In contrast, the cpr mutants always exhibit resistance, and eds5 and npr1 consistently develop severe disease symptoms. As shown in Figure 2A , c1e5, c5e5, and c6e5 were all susceptible to P. PR-1, PR-2, PR-5, and PDF1.2 gene-specific probes were used for RNA gel blot analysis of the indicated genotypes. The UBQ5 transcript was used as a loading standard. RNA was extracted from 3-week-old soil-grown plants. RNA gel blot analysis was performed at both Duke and Massachusetts General Hospital with similar results. c1e5, cpr1 eds5; c5e5, cpr5 eds5; c6e5, cpr6 eds5; WT, wildtype BGL2-GUS transgenic line.
s. maculicola ES4326, whereas all three cpr mutants were resistant, indicating that eds5 suppressed the resistance conferred by the cpr mutations. The addition of INA to the cpr eds5 double mutants reestablished resistance to P. s. maculicola ES4326 (data not shown). We also included as controls in the infection experiment the cpr npr1 double mutants. In contrast to the complete suppression of resistance by eds5, npr1 seemed to diminish resistance only slightly in the cpr npr1 double mutants ( Figure 2B ). This latter result appears to be inconsistent with data reported in our previous publications (Bowling et al., 1997; Clarke et al., 1998) , which had indicated that npr1 completely suppressed resistance to P. s. maculicola ES4326. We attribute this discrepancy to the fact that a 10-fold greater bacterial inoculum was used in the previous study. The observation that the cpr npr1 double mutants are susceptible to P. s. maculicola ES4326 at a greater inoculum but resistant to the same pathogen at the lower inoculum suggests that this NPR1-independent resistance observed in cpr mutants can be overcome by a higher titer of the pathogen.
The cpr eds5 double mutants were also tested for resistance to the virulent oomycete pathogen P. parasitica Noco2. As shown in Figure 3 , we found that all three cpr eds5 double mutants were susceptible to P. parasitica Noco2 infection at an inoculum of 3 ϫ 10 4 spores mL Ϫ1 and that treatment with INA restored resistance in these double mutants (data not shown). In contrast, cpr1 npr1 (c1n1), cpr5 npr1 (c5n1), and cpr6 npr1 (c6n1) still maintained resistance to P. parasitica Noco2, which is consistent with our previous findings (Bowling et al., 1997; Clarke et al., 1998) . To determine whether the NPR1-independent resistance could be overcome with a greater inoculum of P. parasitica Noco2, as is the case for resistance to P. s. maculicola ES4326, we infected the cpr npr1 double mutants with a spore suspension of 4 ϫ 10 6 spores mL Ϫ1 . At this inoculum, we indeed observed a slight loss of resistance to P. parasitica Noco2 in the cpr npr1 double mutants (data not shown).
The resistance profile for each of the single and double mutants is summarized in Tables 1 and 2 .
SA Accumulation in the cpr eds5 Double Mutants
As shown in Figure 4A , the increased SA accumulations reported previously in the cpr mutants (Bowling et al., (A) Growth of P. s. maculicola ES4326 on the cpr eds5 double mutants compared with that on the cpr mutants. (B) Growth of P. s. maculicola ES4326 on the cpr npr1 double mutants compared with that on the cpr mutants. Plants were infected by infiltrating a suspension of P. s. maculicola ES4326 in 10 mM MgCl 2 , corresponding to an OD 600 of 0.0001. Leaf discs were collected immediately after infection (day 0) and 3 days later. Four samples from each genotype were collected on day 0; six samples from each genotype were collected on day 3. The cpr1 npr1 double mutant was not tested because of its prohibitively small size. The results obtained in this experiment are different from those reported previously (Bowling et al., 1997; Clarke et al., 1998) because we used 10-fold less bacterial inoculum in the experiments reported here. Although this low bacterial inoculum produced consistent results in distinguishing the resistant mutants from the susceptible ones, the growth of the pathogen varied significantly in wild-type plants. Error bars represent 95% confidence limits of logtransformed data (Sokal and Rohlf, 1981) . Growth analysis of P. s. maculicola ES4326 in the cpr eds5 mutants was performed at both Duke and Massachusetts General Hospital with similar results. cfu, colony-forming unit; c1e5, cpr1 eds5; c5e5, cpr5 eds5; c5n1, cpr5 npr1; c6e5, cpr6 eds5; c6n1, cpr6 npr1 ; WT, wild-type BGL2-GUS transgenic line. Clarke et al., 1998) are suppressed in c1e5, c5e5, and c6e5. Similar to the result of Nawrath and Métraux (1999), we also observed that eds5 suppressed the accumulation of SA in response to an avirulent pathogen (P. s. maculicola ES4326/avrRpt2) ( Figure 4A ). In contrast, as shown in Figure 4B , npr1 did not suppress SA synthesis in the cpr mutants. Rather, npr1 further increased the concentrations of SA in the cpr npr1 double mutants over those found in the cpr single mutants, suggesting that npr1 is defective in feedback regulation of SA accumulation. These results are consistent with the observations that eds5 is an SA-deficient mutant, whereas npr1 is an SA-insensitive mutant.
The difference in SA contents between the cpr eds5 and cpr npr1 mutants may explain the differences in the PR gene expression and pathogen resistance observed in these mutants. To test this hypothesis, we generated cpr nahG double mutants and tested for resistance to P. parasitica Noco2. As was the case for the cpr eds5 mutants, cpr1 nahG, cpr5 nahG, and cpr6 nahG were all susceptible to both P. parasitica Noco2 and P. s. maculicola ES4326 (Table  2 ). This result, along with the observation that INA treatment can rescue the resistance phenotype in the cpr eds5 double mutants, supports the hypothesis that the susceptibility caused by eds5 on the cpr mutants is a result of their inability to accumulate SA.
NPR1-Independent, SA-Dependent Signaling in Local Resistance
Because NPR1 is a key component in the SA-mediated SAR signaling pathway, the resistance observed in the cpr npr1 double mutants appears to be mechanistically distinct from SAR. We hypothesized that the resistance response exhibited by the cpr npr1 double mutants might mimic a localized resistance response that can be activated during an avirulent pathogen infection. To test this hypothesis, we infected npr1, eds5, npr1 eds5 (n1e5), and nahG with P. s. maculicola ES4326/avrRpt2 (OD 600 ϭ 0.001). Because cell death, which is a hallmark of HR, is separable from resistance (Bendahmane et al., 1999; Dinesh-Kumar and Baker, 1999) , we detected diminished local resistance by scoring for the appearance of disease symptoms at 3 days after infection. As seen in Figure 5A , wild-type and npr1 plants developed an HR in response to P. s. maculicola ES4326/avrRpt2, which prevented the pathogen from spreading. In eds5, e5n1, and nahG leaves, the avirulent pathogen was able to cause symptoms that are normally associated with a virulent pathogen, despite the HR-like cell death detected 12 to 24 hr after infection.
To corroborate these visual observations, we assessed the in planta growth of P. s. maculicola ES4326/avrRpt2 at 3 days after infiltration. As shown in Figure 5B , the wild-type and npr1 plants showed no marked difference in growth of the avirulent pathogen, whereas eds5, n1e5, and nahG had (A) Growth of P. parasitica Noco2 on the cpr eds5 double mutants compared with that on the cpr mutants. (B) Growth of P. parasitica Noco2 on the cpr npr1 double mutants compared with that on the cpr mutants. P. parasitica Noco2 infection was accomplished by spraying a conidiospore suspension (3 ϫ 10 4 spores mL Ϫ1 ) onto 2-week-old plants and assaying for pathogen growth 7 days later. The infection was quantified using a hemacytometer to count the number of spores in a 10-L aliquot of spores harvested from 25 leaves in 1 mL of water. Two independent counts from each sample were averaged. The averages from three independent samples were used to compute the number of spores per 25 leaves per milliliter (ϮSD). c1e5, cpr1 eds5; c1n1, cpr1 npr1; c5e5, cpr5 eds5; c5n1, cpr5 npr1; c6e5, cpr6 eds5; c6n1, cpr6 npr1 ; WT, wild-type BGL2-GUS transgenic line.
‫-52ف‬fold more pathogen growth, indicating that SA is required for containment of P. s. maculicola ES4326/avrRpt2 during the HR. Therefore, eds5 appears to affect not only SAR but also other defense responses such as HR-mediated resistance.
Generation of the cpr ein2 and cpr jar1 Double Mutants and the cpr npr1 ein2 and cpr npr1 jar1 Triple Mutants
Our previous studies showed that in the c5n1 and c6n1 double mutants, constitutive expression of the antifungal genes PDF1.2 and Thi2.1 was unaffected by the npr1 mutation (Bowling et al., 1997; Clarke et al., 1998) . Because these genes are known to be regulated by JA/ET, we hypothesized that the NPR1-independent resistance observed in the cpr npr1 double mutants may be JA/ET dependent as well as SA dependent. To test this hypothesis, we used an ET-insensitive mutant ein2 (Guzman and Ecker, 1990 ) and a JA-insensitive mutant jar1 (Staswick et al., 1992) to generate cpr ein2 and cpr jar1 double mutants and cpr npr1 ein2 and cpr npr1 jar1 triple mutants.
Before generating the double and triple mutants, cpr5, cpr6, and npr1 were tested to verify that they did not exhibit phenotypes associated with ET or JA overproduction or insensitivity (see Methods). Using the phenotypes described for the ein2 and jar1 mutants (Guzman and Ecker, 1990; Staswick et al., 1992) , we identified the following double and triple mutants:
and npr1 ein2 jar1 (n1e2j1) (see Methods).
Initial phenotypic inspection of the double and triple mutants revealed that neither ein2 nor jar1 substantially altered the morphology associated with cpr5, c5n1, cpr6, or c6n1. However, the lesion-forming phenotype in cpr5 and c5n1 was diminished by the ein2 and jar1 mutations. Trypan blue staining revealed that similar to c5e5, both macroscopic and microscopic lesions formed 4 to 7 days later in c5e2 and c5n1e2 than in cpr5 (data not shown).
Previous studies have shown that ET insensitivity does not negatively affect the SAR response and may actually potentiate SA-induced PR-1 gene expression (Lawton et al., 1994 (Lawton et al., , 1995 , whereas ET insensitivity suppresses the expression of PDF1.2 in response to chemical and biological induction (Penninckx et al., 1996 (Penninckx et al., , 1998 . We performed RNA gel blot analysis on all the double and triple mutants to determine how JA/ET insensitivity affects PR gene expression in cpr5, c5n1, cpr6, and c6n1. As shown in Figure 6 , PR-1 gene expression in the cpr5 mutant was blocked by npr1, which is consistent with our published result (Bowling et al., 1997) . Figure 6 shows that PR-1 gene expression in cpr6 
S S a R, resistance; S, susceptible. b OD 600 ϭ 0.0001. c 10 4 spores mL Ϫ1 . d Plants were too small to test. e Susceptible at an OD 600 ϭ 0.001. (Bowling et al., 1997; Clarke et al., 1998) . 
S S a R, resistance; S, susceptible. b OD 600 ϭ 0.0001. c 10 4 spores mL Ϫ1 .
was not affected by npr1, which is also consistent with the result reported by Clarke et al. (1998) . Interestingly, however, when both npr1 and ein2 were introduced into cpr6, PR-1 gene expression was abolished completely. This suggests that SA-mediated, NPR1-independent expression of the PR-1 gene in cpr6 requires sensitivity to ET. Only when both pathways are blocked is PR-1 expression inhibited. The PDF1.2 gene expression in both cpr5 and cpr6 mutants was suppressed by ein2 ( Figure 6 ). The effect of jar1 on PR gene expression was more variable, which might reflect a leakiness of the mutation or an interaction with the SA signaling pathway.
Effects of JA/ET Insensitivity on the Resistance Induced by cpr5 and cpr6
To test the effect of ein2 and jar1 on pathogen resistance, we analyzed the growth of P. s. maculicola ES4326 in all of the double and triple mutants generated with ein2 and jar1. We found that ein2 and jar1 did not alter the resistance to P. s. maculicola ES4326 conferred by cpr5 or cpr6 (Tables 1  and 2) . However, as shown in Figure 7A , the triple mutants c5n1e2 and c6n1e2 were much more susceptible to a low dose of P. s. maculicola ES4326 (OD 600 ϭ 0.0001) than were c5n1 and c6n1. We also tested the double and triple mutants for resistance to P. parasitica Noco2. As shown in Figure 7B , the resistance conferred by the cpr5 mutation was not suppressed unless both the NPR1-mediated and the JA/ET-mediated pathways were blocked (in the c5n1e2 or c5n1j1 triple mutants). The c5n1, c5e2, and c5j1 double mutants were as resistant to P. parasitica Noco2 as was the cpr5 single mutant. In contrast, resistance to P. parasitica Noco2 induced by cpr6 was suppressed by ein2 or jar1 in c6e2, c6j1, c6n1e2, and c6n1j1 ( Figure 7B ). Treatment with INA restored resistance to the c6e2 and c6j1 double mutants, presumably through inducing NPR1-dependent resistance, which is intact in these mutants (data not shown). Apparently, cpr5 and cpr6 activate different resistance responses to P. parasitica Noco2; one is inhibited only when both NPR1-mediated and ET/JA-mediated resistances are blocked, whereas the other is suppressible by ein2 or jar1 alone. Whether ein2 or jar1 is blocking NPR1-dependent or NPR1-independent resistance in the cpr6 mutant is at this time unclear. The resistance profile of each of the double and triple mutants is summarized in Table 2 .
SA Accumulation in the cpr ein2 and cpr npr1 ein2 Mutants
To examine the interaction between the SA-and JA/ET-signaling pathways, we measured the endogenous concentrations of SA in c5e2, c5n1e2, c6e2, and c6n1e2. As shown in Figure 8 , the blocking of the ET-signaling pathway by ein2 seemed to have opposite effects on SA accumulation in cpr5 and cpr6 mutants. Introducing ein2 into cpr5 increased the amount of endogenous SA by threefold but decreased the amount of SA in cpr6 by half. Interestingly, these phenotypes appeared to be exaggerated in the presence of npr1 in the cpr npr1 ein2 triple mutants (Figure 8 ). 
Effects of JA/ET Insensitivity on Local Resistance
The infection experiments presented above showed that blocking JA/ET sensitivity with jar1 and ein2 inhibits NPR1-independent resistance in cpr mutants. If our hypothesis is correct that the NPR1-independent resistance observed in the cpr mutants mimics the local resistance response initiated by HR, we would expect ein2 and jar1 to also affect HR-mediated resistance. Indeed, Figure 9A shows that wild type, npr1, ein2, jar1, and e2j1 responded to P. s. maculicola ES4326/avrRpt2 with a typical HR, which prevented the pathogen from spreading beyond the site of inoculation. In contrast, n1e2, n1j1, and n1e2j1 showed disease symptoms spreading beyond the site of inoculation. The observed symptoms correlated with the growth of bacterial pathogen, as shown in Figure 9B . n1e2, n1j1, and n1e2j1 allowed substantially more growth of P. s. maculicola ES4326/avrRpt2 than did the wild type, npr1, ein2, jar1, or e2j1. These data indicate that EIN2 and JAR1 indeed play roles in establishing local resistance. EIN2/JAR1 and NPR1 may have parallel functions, which may be the reason why susceptibility to P. s. maculicola ES4326/avrRpt2 was observed in n1e2, n1j1, and n1e2j1 but not in npr1, ein2, jar1, or e2j1.
DISCUSSION
This comprehensive epistasis study between the gain-of-resistance cpr mutants and the mutants blocking the SA-and ET/JA-mediated resistance generated a large volume of data. Even though it is unrealistic to interpret all of the data at this time, we have been able to draw the following important conclusions.
cpr Mutants and Pathogen Infection Trigger a Similar Set of Signal Cascades
The cpr mutants used in this analysis all had pleiotropic effects on plant development (Bowling et al., , 1997 Clarke et al., 1998) , none of which was suppressed by eds5, ein2, or jar1. The limited molecular information made it difficult to determine whether or not wild-type CPR proteins are normal components of the signaling pathways that regulate resistance. Nevertheless, in this study, the cpr mutants served as useful genetic backgrounds for dissecting the NPR1-dependent and NPR1-independent resistance pathways, assessing the loss-of-resistance mutants, and determining the roles of SA, ET, and JA in disease resistance. Through this study, we found that the disease resistance induced by cpr mutants follows biologically relevant signaling pathways. Plants were infected with a suspension of P. s. maculicola ES4326/ avrRpt2 corresponding to an OD 600 of 0.001. Pictures were taken 3 days after infection. Each leaf in (A) is a representative sample from a population of 10 leaves. Leaf discs were collected immediately after infection (day 0) and 3 days later. Four samples from each genotype were collected on day 0; six samples from each genotype were collected on day 3. Error bars represent 95% confidence limits of log-transformed data (Sokal and Rohlf, 1981 
Resistance or Susceptibility Often Depends on the Dose of Pathogen Inoculum
In the course of analyzing the responses of the mutants to pathogen infection, we realized that the dose of pathogen applied to the plants is critical for detecting the phenotypes in certain mutants. For example, eds5 was originally reported to affect only resistance to virulent pathogen infection (Rogers and Ausubel, 1997; Volko et al., 1998) . However, using different amounts of pathogen inoculum, Nawrath and Métraux (1999) showed that eds5, an SA-deficient mutant, is compromised in HR-mediated local resistance as well as SAR. Similarly, we found that resistance to P. s. maculicola ES4326 in the cpr npr1 double mutants and the effect of the ET-insensitive ein2 mutation on this resistance were detectable only when a subclinical dose (OD 600 ϭ 0.0001) of the bacterial pathogen was used (Figures 2 and 7A ). These data strongly indicate that plant defenses operate in an additive fashion. When exposed to more pathogen inoculum, more defense mechanisms may be required to stop the pathogen growth.
NPR1-Independent Resistance Induced in the cpr

Mutants Requires SA-and ET/JA-Mediated Signaling
Epistasis analysis between eds5 and the cpr mutants was designed to determine where eds5 functions in relation to cpr1, cpr5, and cpr6 and by what mechanism cpr5 and cpr6 induce NPR1-independent resistance. Given the loss of resistance to the Pseudomonas and Peronospora pathogens observed in c1e5, c5e5, and c6e5 (Figures 2A and 3A , and Tables 1 and  2) , we conclude that eds5 is epistatic to all three cpr mutations. The reduced amounts of SA found in the cpr eds5 double mutants suggest that eds5 suppresses resistance in the cpr mutants by preventing the accumulation of SA ( Figure  4A ). This conclusion is supported by the loss of resistance observed in the cpr nahG mutant/transgenic (Table 2) . Therefore, we believe that the NPR1-independent resistance induced by cpr1, cpr5, and cpr6 is mediated by SA. In contrast to the cpr eds5 double mutants, the cpr npr1 double mutants have amounts of SA exceeding those found in the cpr parental mutants ( Figure 4B ). Therefore, wild-type NPR1 may have at least two functions: to transduce the SA Figure 6 . Effects of jar1 and ein2 on PR-1 and PDF1.2 Gene Expression in cpr5 and cpr6.
PR-1 and PDF1.2 gene-specific probes were used for RNA gel blot analysis of the indicated genotypes. The UBQ5 transcript was used as a loading standard. RNA was extracted from 4-week-old soilgrown plants. c5n1, cpr5 npr1; c5e2, cpr5 ein2; c5j1, cpr5 jar1; c5n1e2, cpr5 npr1 ein2; c5n1j1, cpr5 npr1 jar1; c6n1, cpr6 npr1; c6e2, cpr6 ein2; c6j1, cpr6 jar1; c6n1e2, cpr6 npr1 ein2; c6n1j1, cpr6 npr1 jar1; WT, signal leading to SAR and to downregulate the amount of SA accumulating in the plant once SAR is established.
The high amount of SA observed in the cpr npr1 double mutants may not be sufficient for conferring the resistance observed in these mutants because resistance cannot be restored in the npr1 mutant by application of large amounts of SA or INA . To explain how SA-dependent resistance is induced in the SA-insensitive npr1 mutant, we hypothesize that an additional signal, aside from SA, must be required to activate NPR1-independent resistance. This signal or elicitor may be produced as a result of the cpr mutations or derived from the plant or pathogen during the infection process. The existence of such a signal has been proposed (Clarke et al., 1998; Reuber et al., 1998; Rate et al., 1999; Shah et al., 1999) to explain NPR1-independent resistance.
The existence of a second signal is supported by the observation that the ET-and JA-insensitive ein2 and jar1 mutants can also block SA-dependent, NPR1-independent resistance when introduced into cpr npr1 (Figure 7) . A possible explanation for this is that EIN2 and JAR1 are involved in transducing this unknown signal. In previous studies, the JA/ET pathway has been shown to be activated by plant cell wall-derived oligogalacturonide or fungus-derived chitosan elicitors (Gundlach et al., 1992) . As illustrated in Figure 10A , these results suggest that SA mediates both NPR1-dependent and NPR1-independent resistance in the cpr mutants and that NPR1-independent resistance requires sensitivity to JA/ET. However, we were unable to conclude whether the NPR1-dependent pathway is completely nested in the EDS5-mediated pathway, because the eds5 npr1 double mutant is more susceptible to Erysiphe orontii (Reuber et al., 1998) and P. s. maculicola ES4326 (E. Rogers and F.M. Ausubel, unpublished data) than is either mutant alone. Moreover, NPR1 is required for the SA-independent resistance induced by certain root-colonizing bacteria (Pieterse et al., 1998).
NPR1-Independent Resistance Resembles the Local Response Induced during the HR
As has been shown, npr1 blocks PR gene expression and resistance in systemic tissues after induction by a pathogen, indicating that NPR1 is required for establishing resistance in systemic tissues, where SA alone is a sufficient inducer Delaney et al., 1995; Glazebrook et al., 1996; Shah et al., 1997 ; J.D. Clarke and X. Dong, unpublished data). However, in local tissues, resistance to avirulent Pseudomonas pathogens and PR gene expression is not affected substantially by npr1. The NPR1-independent resistance in the cpr mutants may be similar to the local resistance response induced during avirulent pathogen infection. Indeed, the eds5, ein2, and jar1 mutations, which were shown to inhibit NPR1-independent resistance in the cpr mutants, also resulted in a loss in HR-mediated local resistance (Figures 5 and 9 ). Even though HR-like cell death was detectable in the mutants at 12 to 24 hr after infection, P. s. maculicola ES4326/avrRpt2 grew and spread like a virulent pathogen.
The mechanism by which eds5, ein2, and jar1 affect the (A) Growth of P. s. maculicola ES4326 on wild type, cpr5, c5n1, c5n1e2, cpr6, c6n1, and c6n1e2. Error bars represent 95% confidence limits of log-transformed data.
(B) Growth of P. parasitica Noco2 on wild type, cpr5, c5n1, c5e2, c5j1, c5n1e2, c5n1j1, cpr6, c6n1, c6e2, c6j1, c6n1e2 , and c6n1j1. Error bars indicate SE. Plants were infected and resistance was determined as described in Figures 2 and 3 . cfu, colony-forming unit; c5n1, cpr5 npr1; c5e2, cpr5 ein2; c5j1, cpr5 jar1; c5n1e2, cpr5 npr1 ein2; c5n1j1, cpr5 npr1 jar1; c6n1, cpr6 npr1; c6e2, cpr6 ein2; c6j1, cpr6 jar1; c6n1e2, cpr6 npr1 ein2; c6n1j1, cpr6 npr1 jar1; WT, wild-type BGL2-GUS transgenic line.
local resistance is unknown. A failure to contain an avirulent pathogen could reflect impairment in turning on HR-mediated resistance or enhanced susceptibility in the host. However, evidence is accumulating that indicates a key role for SA and JA/ET in the HR. The effect of eds5 on HR-mediated resistance is probably the failure to accumulate SA, because removing SA by expressing salicylate hydroxylase in nahG transgenic plants had the same deleterious effect on this response ( Figure 5 ) (Delaney et al., 1994) . The role of SA in local resistance has been contemplated biochemically in several publications (Mur et al., 1996; Rao et al., 1997; Shirasu et al., 1997; Thulke and Conrath, 1998) . Most revealing is the study by Shirasu et al. (1997) , using soybean culture cells, which showed that SA in combination with an avirulent pathogen potentiates a sustained H 2 O 2 burst, activation of cellular-protectant genes, and cell death; all are typical of HR-mediated resistance. The addition of SA alone or in combination with a virulent pathogen does not initiate these responses. Their study supports our hypothesis that NPR1-independent resistance resembles HR-mediated local resistance in showing that SA is an integral part of this local response and that full induction of this response requires an elicitor along with SA.
Researchers have speculated that JA and ET, in addition to SA, play a role in HR-mediated local resistance (Creelman and Mullet, 1997; Johnson and Ecker, 1998; Reymond and Farmer, 1998) . For example, genes involved in JA and ET biosynthesis, such as lipoxygenase and ACC synthase, have been shown to be upregulated during an HR (HammondKosack et al., 1996; May et al., 1996; Slusarenko, 1996) . Biosynthesis of JA and ET can also be activated by oligogalacturonide and oligosaccharide elicitors, which can be produced during pathogen infection (Gundlach et al., 1992) . Furthermore, ET is produced during race-specific, incompatible interactions in tomato (Hammond-Kosack et al., 1996) , and methyl jasmonate induces systemic accumulation of H 2 O 2 in tomato and Arabidopsis (Orozco-Cardenas and Ryan, 1999) . Genetic evidence for the involvement of ET in the HR comes from the study of ET-insensitive soybean mutants in which the resistance response to some avirulent pathogens is impaired (Hoffman et al., 1999) . These data indicate that JA/ET-mediated resistance responds to elicitors and is important for HR-mediated local resistance; further supporting our hypothesis that cpr-induced, NPR1-independent resistance resembles HR-mediated local resistance.
The conditions required for establishing NPR1-independent resistance are depicted in Figure 10B . Given that SA accumulates to greater amounts locally than systemically after infection with an avirulent pathogen and also accumulates to greater amounts locally in response to avirulent pathogens than to virulent ones (reviewed in Sticher et al., 1997) , we speculate that a relatively high threshold amount of SA is required to trigger NPR1-independent resistance. This threshold can be achieved in tissues infected with an avirulent pathogen and in cpr npr1 double mutants. In addition to the high concentrations of SA, a second signal or elicitor must also be present to bypass the npr1 mutation and activate the NPR1-independent response. This presumed signal or elicitor may be produced in infected local tissues but not in uninfected systemic tissues. The inhibitory effect of the ein2 and jar1 mutations on the NPR1-independent resistance in cpr npr1 mutants ( Figures 7A and 7B ) and on HR-mediated resistance (Figures 9A and 9B) suggests that this unidentified signal may be transduced through components of the JA/ET-mediated pathway.
The models in Figures 10A and 10B present only one interpretation of the double and triple mutant study results and assume that the npr1-1, eds5-1, and ein2-1 mutants have null phenotypes. Even though npr1-1, eds5-1, and ein2-1 used in this study are the alleles with the most severe mutant phenotypes (Cao et al., , 1997 Alanso et al., 1999; Nawrath and Métraux, 1999) , residual gene activity in these mutants may have affected the results. In light of the requirement for EIN2 and JAR1, we hypothesize that ET and JA are involved in the NPR1-independent resistance. However, it is possible that EIN2 and JAR1 are required for a signaling pathway independent of ET and JA. Finally, there are probably different mechanisms of conferring local resistance; different avirulence signals may trigger different signal pathways. Our study allowed us to speculate only on the pathways activated by the cpr mutations and by P. s. maculicola ES4326/avrRpt2. Indeed, in a recent report, McDowell Leaves from 4-week-old, soil-grown plants were collected and analyzed by HPLC for free SA. The SA value in c5n1e2 (which is off the scale of the graph) is printed next to the bar to allow a better comparison between samples. The values are an average of two replicates Ϯ range. ϩavr, plants infected with P. s. maculicola ES4326/ avrRpt2 at 3 days before tissue harvest; c5n1, cpr5 npr1; c5e2, cpr5 ein2; c5n1e2, cpr5 npr1 ein2; c6n1, cpr6 npr1; c6e2, cpr6 ein2; c6n1e2, cpr6 npr1 ein2 ; FW, fresh weight; WT, wild-type BGL2-GUS transgenic line. dent pathway, which requires both SA and sensitivity to JA and ET, may be involved in conferring HR-mediated local resistance. We anticipate that the diverse array of double and triple mutants constructed for this study (Tables 1 and 2) will be a useful tool for further dissection of disease resistance in plants.
METHODS
Plant Growth Conditions
Arabidopsis thaliana plants were grown in soil (Metro-Mix 200; Grace-Sierra, Malpitas, CA) or in Murashige and Skoog (MS) medium (Murashige and Skoog, 1962) containing 2% sucrose and 0.8% agar under the conditions described in Clarke et al. (1998) .
Generation of Double and Triple Mutants
The mutant alleles used throughout this study were cpr1-1 , cpr5-1 (Bowling et al., 1997 ), cpr6-1 (Clarke et al., 1998 , npr1-1 , eds5-1 (Rogers and Ausubel, 1997), ein2-1 (Guzman and Ecker, 1990) , and jar1-1 (Staswick et al., 1992) .
The Arabidopsis npr1 eds5 double mutant and the transgenic plants (in the Columbia ecotype) expressing the bacterial nahG gene have been described (Reuber et al., 1998) . The cpr eds5 double mutants were generated using pollen from the cpr mutants to fertilize the eds5 mutant. Because eds5 was isolated in a fah1-2 mutant background (Glazebrook et al., 1996) and the eds5 locus is ‫01ف‬ centimorgans from the fah1-2 locus (Rogers and Ausubel, 1997) , eds5 homozygous progeny from each cross were screened in the F 2 population for the fah1-2 phenotype. The fah1-2 mutant is deficient in 2-O-sinapoyl-L-malate and can be visualized by the loss of bluegreen fluorescence under longwave UV radiation (Chapple et al., 1992) . The population enriched for eds5 was then screened for the morphological phenotypes indicative of each cpr mutant (Bowling et al., , 1997 Clarke et al., 1998) . Plants that passed both screens were backcrossed to the parental eds5 and cpr to confirm the homozygosity of the loci.
The cpr nahG homozygous lines were generated using pollen from the cpr mutants to fertilize the nahG transgenic plants. The nahG homozygotes were identified as described previously (Bowling et al., 1997 ). The nahG homozygotes were then transferred to soil, where they were screened for the appropriate cpr morphological phenotypes. The double mutants were further confirmed in the F 3 generation.
The cpr1 npr1 double mutant was generated using pollen from the cpr1 plants to fertilize the npr1 plants. The double mutants were identified in the F 2 generation by the emergence of a novel phenotype in approximately one-sixteenth of the population. The cleaved amplified polymorphic sequences marker for npr1 (Cao et al., 1997) was used to confirm homozygosity at the npr1 locus, and the presence of the cpr1 morphological phenotype confirmed the homozygosity of cpr1. The generation of the cpr5 npr1 and cpr6 npr1 double mutants has been described previously in Bowling et al. (1997) and Clarke et al. (1998) .
The double and triple mutants containing ein2 were generated using pollen from the cpr5, cpr6, npr1, c5n1, and c6n1 genotypes to fertilize ein2. F 2 seed was plated on MS plates containing 50 M 1-amino- Figure 9 . Effects of jar1, ein2, and npr1 on HR-Mediated Resistance to P. s. maculicola ES4326/avrRpt2.
(A) Symptoms observed after infection with P. s. maculicola ES4326/avrRpt2 in wild type, npr1, ein2, jar1, e2j1, n1e2, n1j1 , and n1e2j1. (B) Quantification of P. s. maculicola ES4326/avrRpt2 growth in wild type, npr1, ein2, jar1, e2j1, n1e2, n1j1 , and n1e2j1. Plants were infected and resistance was determined as described in Figure 5 . Error bars represent 95% confidence limits of log-transformed data (Sokal and Rohlf, 1981) . cfu, colony-forming unit; e2j1, ein2 jar1; n1e2, npr1 ein2; n1j1, npr1 jar1; n1e2j1, npr1 ein2 jar1; WT, wild-type BGL2-GUS transgenic line. et al. (2000) found that resistance to some avirulent strains of P. parasitica is independent of SA and does not require the function of NPR1 (SA signaling) and COI1 (JA signaling).
In summary, this work greatly extends previous studies describing SA-dependent resistance in npr1 mutants (Bowling et al., 1997; Clarke et al., 1998; Reuber et al., 1998; Rate et al., 1999; Shah et al., 1999) . The NPR1-dependent pathway, in which SA is a sufficient signal, is used to establish resistance in systemic tissues, whereas the NPR1-indepen-cyclopropane-1-carboxylic acid (ACC) and placed in a growth chamber. After 5 days in the dark, the seedlings were scored for the presence or absence of the ethylene (ET)-induced triple response (Guzman and Ecker, 1990) . The ein2 mutant, being ET insensitive, does not display the triple response. F 2 plants that lacked the triple response were collected and transferred to soil to score for the morphological phenotypes of cpr5 or cpr6. Homozygous npr1 plants were identified using the cleaved amplified polymorphic sequences marker for npr1 (Cao et al., 1997) . F 3 seed from potential double and triple mutants was collected and rescreened on MS-ACC plates to confirm the presence of the ein2 mutation, on soil to confirm the presence of the cpr mutation, and by polymerase chain reaction to confirm the presence of the npr1 mutation.
The double and triple mutants containing jar1 were generated using pollen from cpr5, cpr6, npr1, c5n1, c6n1, ein2 , and n1e2 to fertilize jar1. F 2 progeny were grown on MS plates containing 50 M jasmonic acid (JA) and assayed for the lack of JA-induced responses, which include inhibition of root growth and excessive accumulation of anthocyanin (Staswick et al., 1992) . F 2 plants that lacked the JA-induced root and anthocyanin phenotypes were transferred to soil and screened for the cpr5 or cpr6 morphological phenotypes. The double and triple mutants were confirmed by repeating the assays stated above in the F 3 population.
RNA Gel Blot Analysis
Tissue samples for RNA gel blot analysis were collected from 2-weekold Arabidopsis seedlings grown on MS plates or on MS plates containing 0.1 mM 2,6-dichloroisonicotinic acid (INA) or from soil-grown plants at various ages. Samples were prepared and analyzed as described previously in Bowling et al. (1997) and Clarke et al. (1998) . Ten micrograms of RNA was separated by electrophoresis through a formaldehyde-agarose gel and transferred to a hybridization membrane (GeneScreen; DuPont-New England Nuclear) as described by Ausubel et al. (1994) . 32 P-labeled DNA probes for PR-1, PR-2, PR-5, PDF1.2, and UBQ5 were generated using strand-biased polymerase chain reaction as described previously (Bowling et al., 1997; Clarke et al., 1998) .
Pathogen Infections
Infections of plants with Pseudomonas syringae pv maculicola ES4326 or Peronospora parasitica Noco2 were performed as described previously (Clarke et al., 1998) with minor modifications. A P. s. maculicola ES4326 inoculum of OD 600 ϭ 0.001 is referred to as the clinical dose, whereas that with an OD 600 of 0.0001 to 0.0002 is considered the subclinical dose. Infection with P. s. maculicola ES4326/ avrRpt2 was done at the clinical dose. Plants used for bacterial infection were grown in soil for 4 weeks and were infected as described Our data indicate that the cpr mutants activate both NPR1-dependent and NPR1-independent resistance to P. s. maculicola ES4326 and P. parasitica Noco2. Both pathways are mediated by SA and are blocked by the eds5 mutation. The NPR1-independent pathway also requires sensitivity to JA/ET and is blocked by the jar1 and ein2 mutations. It is not clear at this time whether the resistance to P. parasitica Noco2 in cpr6, which is suppressed by the ein2 and jar1 mutations, is NPR1 dependent or NPR1 independent. (B) Model overlaying NPR1-dependent and NPR1-independent resistance with HR-mediated local and systemic resistance. Our data indicate that NPR1-independent resistance in the cpr mutants resembles the local resistance response triggered during the HR. Avirulent pathogen resistance and NPR1-independent resistance both require SA-and JA/ET-mediated signaling pathways. JA/ET or sensitivity to JA/ET may be required for perception of the signal (elicitor) necessary to bypass the npr1 mutation or for expression of downstream antimicrobial proteins. Therefore, HR-mediated local resistance is shown as a function of overlapping components from both SA-and JA/ET-mediated pathways. Cell death is shown initiating this response, and elements from both the SA and JA/ET pathways are shown to be enhancing the formation of lesions. This feedback loop accounts for SA-dependent lesion mimic mutants as well as the reduction of the lesion-forming phenotype of cpr5 by eds5, ein2, and jar1. NPR1 is shown as being required only for systemic resistance. A second function for NPR1 in feedback regulation of SA accumulation is indicated by a blocked arrow. The cpr mutants are not included in this model because their locations in the signal transduction pathways are not clear. They could function either in the local pathway, inducing NPR1-dependent and NPR1-independent resistance simultaneously, or in the systemic pathway, triggering NPR1-independent resistance only when combined with npr1.
previously (Clarke et al., 1998) . At 0 and 3 days after inoculation, four to six infected leaves were collected per genotype to measure the growth of the pathogen. Statistical analyses were performed by Student's t test of the differences between two means of log-transformed data (Sokal and Rohlf, 1981) , with the error bars representing 95% confidence limits. Plants infected with P. parasitica Noco2 were grown for 14 days on soil with a 12-hr photoperiod and ‫%08ف‬ relative humidity and then sprayed with a 10-mL ddH 2 O suspension of 10 4 spores mL Ϫ1 . Seven days after inoculation, the degree of infection was determined by harvesting 25 leaves from approximately five plants in 1 mL of H 2 O. After vigorous vortex-mixing, two 10-L aliquots from each sample were examined with a hemacytometer (VWR) to determine the number of spores. Three samples per genotype were assayed to obtain a standard deviation.
Measurement of Salicylic Acid
Four-week-old soil-grown plants were used to measure the concentration of salicylic acid (SA) with a procedure derived from Raskin et al. (1989) and described in Li et al. (1999) . This procedure had an ‫%52ف‬ recovery rate, as determined by extracting known amounts of SA.
